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Wastewater treatmentBy restricting layer collapse, and increasing the exposure of siloxane surfaces, in the interlayer space of
organoclays, their capacity for adsorbing hydrophobic organic contaminants has been enhanced. The organoclays
were prepared by replacing a proportion (20–80%) of the Li+ ions, occupying interlayer sites inmontmorillonite,
with tetramethylammonium (TMA) ions. The TMA-exchanged samples were then heated at 200 °C for 12 h to
induce migration of most interlayer Li+ ions into the silicate layers, and as a result of which the layer charge
was reduced. Finally, the remaining Li+ cations in the reduced-charge montmorillonite were exchanged with
TMA. The structural and adsorptive characteristics of the novel reduced-charge organoclays (N-TMA-Mt) are
compared with those of their traditional counterparts (T-TMA-Mt), obtained by direct intercalation of TMA
into reduced-charge montmorillonites. As layer charge decreased, both the speciﬁc surface area and adsorption
capacity (for nitrobenzene) of T-TMA-Mt increased to a maximum, and then declined. In the case of N-TMA-Mt,
however, both parameters increased as layer charge decreased. When the layer charge of N-TMA-Mt decreased
to approximately 60% of the value for the original montmorillonite, the adsorption capacity of the sample was
greater than that of T-TMA-Mt. XRD analysis indicates that the layer structure of N-TMA-Mt is more rigid than
that of T-TMA-Mt. The above results indicate that the pre-exchanged TMA cations in the interlayer space
of N-TMA-Mt act as pillars, restricting layer collapse (during thermal treatment), and increasing the exposure
of siloxane surfaces. As a result, the capacity of N-TMA-Mt for adsorbing hydrophobic organic contaminants is
superior to that of traditional organoclays.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Natural smectites generally have a very weak afﬁnity for hydropho-
bic organic compounds because their surfaces are hydrophilic due to the
presence of hydrated inorganic cations in the interlayer space
(Churchman et al., 2006). One way of enhancing their afﬁnity for such
compounds is to exchange the naturally occurring inorganic cations
with organic cations. The resultant organoclays (OC) are hydrophobic
because the charge-balancing organic cations are weakly hydrated, if
at all. As such, OC have a high afﬁnity for extraneous organic species,
and are efﬁcient adsorbents of hydrophobic organic pollutants
(Churchman et al., 2006; Ma and Zhu, 2007; Gates et al., 2009; Xu and
Zhu, 2009; Zhu et al., 2011a, 2011b; Lee and Tiwari, 2012).
There are essentially two types of OC. Type I OC are obtained by
intercalation of organic cations containing at least one long alkyl chain
(Fatimah and Huda, 2013; Frost et al., 2008; Xi et al., 2005, 2007),
while type II OC are formed by intercalation of small, compact organic
cations (Bartelt-Hunt et al., 2003; Ruan et al., 2008; Shen, 2004). Inghts reserved.the ﬁrst type of OC, the interlayer alkyl chains form nano-size aggre-
gates into which hydrophobic organic contaminants can be accommo-
dated (Bartelt-Hunt et al., 2003; Zhou et al., 2007; Zhu et al., 2007,
2011a, 2011b). The afﬁnity of the aggregates for such contaminants
strongly depends on the arrangement of the alkyl chains (Chen et al.,
2005; Zhu et al., 2007, 2012). Thus, the adsorption capacity of type I
OC may be ‘tuned’ by controlling the arrangement of the alkyl chains
(Wang et al., 2010; Zhu et al., 2010). For example, Zhu et al. (2011a)
and Wang et al. (2010) used cationic polymers to control the
arrangement of hexadecyltrimethylammonium (HDTMA) ions in the
interlayer space ofmontmorillonite (Mt). They found that the adsorption
coefﬁcient (Koc) of the polymer-modiﬁed OC for hydrophobic organic
contaminants was much larger than the valuemeasured for the unmod-
iﬁed HDTMA-Mt.
In the second type of OC, the interlayer siloxane surfaces in between
the compact organic cations, are the main adsorption sites for hydro-
phobic organic contaminants (Jaynes and Boyd, 1991; Ruan et al.,
2008; Shen, 2004). Thus, the adsorption capacity of type II OC can be im-
proved by increasing the exposure of the siloxane surfaces (Ruan et al.,
2008; Shen, 2004). An efﬁcient way of achieving this end is to synthe-
size OC using smectites with relatively low layer charge. Since fewer
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Fig. 1. Correlation between heating temperature and CEC values of the R-Li-Mt.
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more siloxane surface becomes available for the adsorption of organic
contaminants (Jaynes et al., 1992; Ruan et al., 2008).
Small exchangeable cations (e.g., Li+, Cu2+, Ni2+) in smectite can
irreversibly migrate into the silicate layers under thermal treatment.
As a result, the layer charge of the mineral is effectively reduced
(Annabi-Bergaya et al., 1979; Hofmann and Klemen, 1950; Hrobarikova
et al., 2001; Jaynes et al., 1992; Komadel, 2003; Quirk and Theng, 1960).
The extent of layer charge reduction increases with the temperature
and duration of the treatment (Hrobarikova et al., 2001; Komadel
et al., 2005). The thermally induced migration of inorganic cations,
however, is uneven in that some interlayers can ‘lose’ more cations
than others. The cation-poor layers within a given smectite particle
aremore prone to collapse than their cation-rich counterparts. The like-
lihood of layer collapse will also increase as charge reduction proceeds
(Hrobarikova et al., 2001; Komadel et al., 2005). Since the collapsed in-
terlayers are inaccessible to extraneous organic compounds, reducing
the layer charge of smectites would decrease both siloxane surface ex-
posure and organic adsorption capacity. On the other hand, cations of
large size (e.g., Na+, Ca2+) cannot migrate into the silicate layers and
act as ‘pillars’ to prevent the collapse of layers under thermal treatment.
Annabi-Bergaya et al. (1979) prepared reduced-charge Mt by heating
bi-ionic (Li+ + Na+) Mt at 240 °C for 24 h. Most of the Li+ migrated
into the silicate layers while most Na+ could be exchanged by Ca2+.
This enlightens us that layer collapse could be restricted if partial of
the interlayer cations are of large size. Organic cations should be more
efﬁcient to achieve this purpose than inorganic cations because of
their larger size. In addition, it is not necessary to further exchange the
pre-intercalated organic cations during synthesizing OC.
In this paper, layer collapse is restricted by reducing the layer
charge of Li+ saturated Mt (Li-Mt) by a novel method. It involves
the partial replacement of interlayer Li+ ions by tetramethylammonium
(TMA) cations, heating the TMA-exchanged Mt at 200 °C to induce
migration of most of the Li+ ions into the Mt layers, and exchanging
the remaining Li+ cations with TMA. The microstructure of the
‘novel’ reduced-charge OC, and their capacity for adsorbing nitro-
benzene, were determined.
2. Materials and methods
2.1. Materials
The raw Mt sample was a calcium-exchanged material (purity N
95%) from Inner-Mongolia, China with a structural formula of
Na0.016K0.020Ca0.392 [Al2.518Fe0.450Mg1.104Ti0.360Mn0.004][Si7.910Al0.090]
O20(OH)4 · nH2O (Zhu et al., 2011a, 2011b). According to this formula,
the net charge of theMtwas about−0.82eper unit cell and the cation ex-
change capacity (CEC) was about 108 cmol/kg. Tetramethylammonium
bromide (TMAB), LiCl, and nitrobenzene of analytical grade (purity N
99%) were obtained from Shanghai Chemical Co., China, and used as
received.
2.2. Preparation of reduced-charge OC
The method of preparing Li-Mt has been described previously (Zhu
et al., 2007). Brieﬂy, the original (raw)Mtpowderwas dispersed in a so-
lution of LiCl, in which the concentration of Li+ ions was equivalent to
twice the CEC of the clay mineral, by vigorous stirring for 8 h. The dis-
persion was centrifuged, and the resultant Li-Mt was repeatedly
washed with distilled water until the supernatant solution was free of
chloride as indicated by the AgNO3 test.
The TMA-exchangedMtwas obtained by the following procedure. A
series of TMA solutions, containing TMA ions equivalent to 0.2, 0.4, 0.6,
and 0.8 times the CEC ofMt,were prepared. A speciﬁed amount of Li-Mt
was then dispersed in each of the different TMA solutions under vigor-
ous stirring. The dispersion was further stirred at 60 °C for 8 h in orderto achievemaximal replacement of Li+ by TMA, and ﬁltered. The ﬁltrate
was washed ﬁve times with deionized water.
The reduced-charge OC were obtained by heating the TMA-
exchanged Mt at 200 °C for 12 h, inducing most of the Li+ cations
to migrate into the Mt layers. Finally, the novel reduced-charge OC
(N-TMA-Mt) were obtained by exchanging the remaining Li+ cations
with TMA at a dosage equivalent to 1.5 times the CEC of the original
Mt. The ﬁnal product was repeatedly washed with distilled water in
order to remove excess TMA.
For comparison, the traditional reduced-charge OC (T-TMA-Mt)
were also prepared according to the method described by Ruan et al.
(2008). First, the Li+ exchanged Mt was heated at different tempera-
tures (from 100 to 220 °C) for about 12 h to achieve a series of
reduced-charge Mt (R-Li-Mt). The CEC of the R-Li-Mt were determined
using the [Co(NH3)6]3+method (Ruan et al., 2008; Zhu et al., 2007). The
correlation between thermal treatment temperature and CEC of R-Li-Mt
obtained in this work (Fig. 1) is similar to that reported by Hrobarikova
et al. (2001) and Su and Shen (2005).With reference to Fig. 1, four R-Li-
Mt with a CEC of 21, 38, 62, and 83 cmol/kg (i.e., approximately 0.2, 0.4,
0.6, and 0.8 times of Mt's CEC) were chosen for the synthesis of tradi-
tional reduced-charge OC (T-TMA-Mt). Therefore, the loading of TMA
on the novel and traditional OC was comparable. For the sake of clarity,
the meaning of the various abbreviations used to denote reduced-
charge Mt is given in this text (Table 1).2.3. Characterization methods
The X-ray diffraction (XRD) patterns of the samples were recorded
in the 2θ range between 2° and 15° at a scanning speed of 2°/min,
using a Bruker D8 ADVANCE X-ray diffractometer, operating at 40 kV
and 40 mA with Cu Kα radiation. Basal spacings were determined
from the 2θ values of the corresponding basal reﬂections.
Nitrogen adsorption–desorption isotherms at 77 Kwere determined
with a NOVA 3000e Surface Area & Pore Size Analyzer from
Quantachrome, using samples that had previously been degassed in
vacuo at 100 °C for 12 h. The relative pressure (P/P0) range between
0.05 and 0.35 was selected in deriving the nitrogen surface area by
applying the BET equation (BET-N2 areas).
The organic carbon contents (foc) of the OC were determined in a
SHIMADZU TOC-V CPH organic-carbon analyzer, using samples that
had been dried at 60 °C for 12 h. The foc values for the samples to-
gether with the TMA loadings of the OC, derived from these values
(Ruan et al., 2008), are given in Table 2. There OC samples are denot-
ed as N-xTMA-Mt or T-xTMA-Mt, where x indicates the loading of
TMA in cmol/kg (Table 1). Since the amount of TMA added for exchange
with Li was much higher than the CEC of the original Mt, the TMA load-
ing (after repeated washing with water) would be approximately
equivalent to the CEC.
Table 1
Meaning of the abbreviations used for (modiﬁed) montmorillonite samples.
Abbreviation Meaning of the abbreviation
Mt Original montmorillonite
Li-Mt Li+ saturated montmorillonite
R-Li-Mt Reduced-charge Li-Mt
R-21Li-Mt R-Li-Mt with CEC equals to 21 cmol/kg.
Similar notations are used for
other R-Li-Mt samples.
TMA-Mt TMAmodiﬁed montmorillonite
T-TMA-Mt TMA-Mt synthesized using traditional method, i.e.,
modifying R-Li-Mt with TMA.
T-23TMA-Mt T-TMA-Mt with TMA loading content equals to
23 cmol/kg. Similar notations are used for other
T-TMA-Mt samples.
N-TMA-Mt TMA-Mt synthesized using the new method,
i.e., TMA intercalation of Li-Mt followed by thermal
treatment, and then TMA further intercalation.
N-25TMA-Mt N-TMA-Mt with TMA loading content equals to
25 cmol/kg. Similar notations are used for other
N-TMA-Mt samples.
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Fig. 2. XRD patterns of the reduced-charge montmorillonites and organoclays.
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The adsorption of nitrobenzene to the various OC was measured
using the batch method as described by Zhu et al. (2007, 2010).
Brieﬂy, 0.1 g of OC was mixed with 20 mL solution, containing
50–500 mg/L (with an interval of 50 mg/L) of nitrobenzene, in
25 mL glass tubes with Teﬂon-lined caps. The tubes were shaken at
25 °C for 10 h. Preliminary experiments indicated that equilibrium
was attained within this period. After centrifugation at 4000 rpm
for 20 min, the solute concentration in the supernatantwas determined
by measuring its absorbance at 268 nm with a UV spectrophotometer.
The amount of nitrobenzene adsorbed was derived from the difference
in concentration between the initial and equilibrium solutions. Control
experiments (in the absence of OC) indicated negligible loss of nitro-
benzene during the experimental period.
3. Results and discussion
3.1. Structural characteristics of OC
The XRD patterns of R-Li-Mt and reduced-charge OC (Fig. 2) show
that the intensity of the basal reﬂection for R-Li-Mt decreased as layer
charge declined. The basal reﬂections for the two samples with the
lowest layer charge became very weak, and shifted to larger 2θ values.
Indeed, the calculated basal (d001) spacings of these two samples
(Table 2) approximate the thickness of an individual Mt layer
(0.96 nm), indicating signiﬁcant layer collapse for samples heated at
high temperatures (Hrobarikova et al., 2001; Palkova et al., 2003).
Likewise, the basal reﬂections for T-TMA-Mt decreased in intensity,
and gradually shifted toward larger 2θ values as layer charge decreased.
The calculated basal spacings for T-TMA-Mt were larger than those for
the corresponding R-Li-Mt (Table 2). This observation is indicative of
successful intercalation of TMA into R-Li-Mt, even for samples whereTable 2
The organic carbon contents (foc), basal spacing (d001), and BET surface areas (S) of R-Li-Mt,
T-TMA-Mt, and N-TMA-Mt.
Sample foc
(%)
d001
(nm)
S
(m2/g)
Sample foc
(%)
d001
(nm)
S
(m2/g)
R-21Li-Mt – 0.97 – T-65TMA-Mt 3.36 1.38 216.5
R-40Li-Mt – 0.99 – T-83TMA-Mt 4.32 1.40 189.0
R-62Li-Mt – 1.23 – N-25TMA-Mt 1.30 1.31 236.3
R-83Li-Mt – 1.24 35.8 N-46TMA-Mt 2.46 1.35 224.9
T-23TMA-Mt 1.19 1.25 131.7 N-64TMA-Mt 3.32 1.39 216.3
T-44TMA-Mt 2.30 1.32 158. 7 N-85TMA-Mt 4.51 1.41 180.1layer collapse was most extensive (R-40Li-Mt and R-21Li-Mt). Further,
the intensity of the d001 reﬂections for R-Li-Mt and T-TMA-Mt would
suggest that TMA intercalation increases layer structure homogeneity.
On the other hand, the small basal spacings for T-23TMA-Mt and T-
43TMA-Mt are consistent with the presence of collapsed (pyrophyllite-
like) layers that are incapable of intercalating organic cations. Apparent-
ly, the coexistence of organic cation-rich layers and collapsed
pyrophyllite-like layers in a single OC particle gives rise to basal spacings
that are intermediate between that of fully intercalated layers and that of
fully collapsed pyrophyllite-like layers (Clementz and Mortland, 1974;
Jaynes and Boyd, 1991).
With respect to N-TMA-Mt, the evolution of their XRD patterns
with layer charge is rather similar to that of T-TMA-Mt. Thus, the
basal reﬂections of N-TMA-Mt became less intense, and gradually
shifted toward larger 2θ values, as layer charge decreased. Nevertheless,
the basal reﬂections remained very sharp, even when the layer charge
decreased to about 44 cmol/kg (sample N-44TMA-Mt), indicating pres-
ervation of the layered structure. Besides having sharper basal reﬂections
than T-TMA-Mt, N-TMA-Mt had larger basal spacings, and hence fewer
collapsed layers, especially for the low-charge members (e.g., 0.2 and
0.4 CEC). One can propose that the pre-exchanged TMA cations act as pil-
lars in the interlayer space ofMt, restricting layer collapse during thermal
treatment. However, collapse of some layer would inevitably occur at
low TMA loadings as testiﬁed by the small basal spacing of N-25TMA-Mt.
For comparative purposes, the N2 adsorption–desorption isotherms
for T-TMA-Mt and N-TMA-Mt, together with that for 83Li-Mt, are
given in this text (Fig. 3). The isotherms are similar in shape but the
capacity of all the OC for adsorbing N2 is greater than that of Li-Mt.
V 
(cc
/g)
P/P0
Fig. 3. N2 adsorption–desorption isotherms on the reduced-charge organoclays.
76 R. Zhu et al. / Applied Clay Science 88–89 (2014) 73–77The ‘type B’ desorption hysteresis further indicates that the OC have
parallel-type pores, in line with their layered structure (Toth, 2001).
The adsorption isotherms also indicate that the OC contain micro-,
meso-, and macro-pores. The micro-pores may be identiﬁed with
interpillar spaces, while themeso- andmacro-pores represent interpar-
ticle pores (Wang et al., 2004).0
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Fig. 4. Nitrobenzene adsorption isothermsThe BET-N2 areas of the samples (Table 2) show that with a decrease
of inlayer charge, the speciﬁc surface area (SSA) of T-TMA-Mt increased
to amaximum(at T-65TMA-Mt) and then declined. The relationship be-
tween charge-reduction and SSA of OC may be explained in terms of
two opposing processes. First, fewer organic cations are required to bal-
ance the negative layer charge of reduced-charged Mt. As a result, the
interlayer space available to N2 increases, as does the surface area. Sec-
ond, charge-reduction generally leads to layer collapse which, in turn,
causes a reduction in the SSA of OC (Clementz and Mortland, 1974).
The ﬁnal SSA of T-TMA-Mt will therefore be determined by the relative
contributions of the two processes. The decrease in SSA for samples
with low layer charge (0.2 and 0.4CEC) is clearly indicative of signiﬁcant
layer collapse as Clementz and Mortland (1974) and Jaynes and Boyd
(1991) have reported.
In the case of N-TMA-Mt, however, therewas an inverse relationship
between SSA and layer charge. The BET-N2 area of the two N-TMA-Mt
samples with a high layer charge, was quite close to that of the corre-
sponding T-TMA-Mt. Apparently, the pre-exchanged TMA did not in-
crease the SSA of N-TMA-Mt when the extent of charge reduction, and
the number of collapsed pyrophyllite-like layers within a single Mt par-
ticle, were limited. Clementz and Mortland (1974) reported that col-
lapsed pyrophyllite-like layers began to form when the layer charge
fell to about 50% of the value for the original Mt. On the other hand,
the BET-N2 area of the other two N-TMA-Mt with low layer charge
wasmuch larger than that of the corresponding T-TMA-Mt. This ﬁnding
lends further support to the proposal that the pre-exchanged TMA can
effectively restrict layer collapse during thermal treatment.
3.2. Adsorption of nitrobenzene to OC
On the basis of the above analysis, onewould expect that the capacity
of N-TMA-Mt for adsorbing hydrophobic organic contaminants is greater
than that of T-TMA-Mt. The isotherms for the adsorption of nitrobenzene
by the OC (Fig. 4) show that as the layer charge of T-TMA-Mt decreased,
the adsorption capacity of the samples ﬁrst increased and then declined,
in keeping with the evolution of their SSA. Similar results have been
reported by Jaynes and Boyd (1991). Likewise, the adsorption capacity
of N-TMA-Mt was proportional to their SSA, with the low-charge
samples being superior sorbents of nitrobenzene.
The adsorption isotherms for the two types of reduced-charge OC
having a similar layer charge are compared (Fig. 1S). The OC with a
relatively high layer charge have a comparable capacity for adsorbing
nitrobenzene (i.e., T-83TMA-Mt vs N-88TMA-Mt; T-65TMA-Mt vs N-
64TMA-Mt), because their speciﬁc surface area is similar in magnitude.
However, in the case of low-charge OC (i.e., T-44TMA-Mt vs N-46TMA-
Mt; T-23TMA-Mt vs N-25TMA-Mt), N-TMA-Mt have a larger capacity
for adsorbing nitrobenzene than T-TMA-Mt in keeping with the larger0
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77R. Zhu et al. / Applied Clay Science 88–89 (2014) 73–77SSA of the former samples. Thus, the novel reduced-charge OC are supe-
rior adsorbents of nitrobenzene because of their large SSA.
4. Conclusions
The partial replacement of Li+ in Mt by TMA ions, restricts layer
collapse when the samples are heated at 200 °C because TMA can
act as pillars in the interlayer space of the resultant reduced-charge
Mt. Replacing the remaining Li+ ions with TMA gives rise to a novel
class of reduced-charge OC, denoted as N-TMA-Mt. Both the SSA
and nitrobenzene adsorption capacity of N-TMA-Mt are inversely relat-
ed to their layer charge. For the high-charged samples (i.e., 0.6 and 0.8
CEC), both parameters are comparable in value with those of the corre-
sponding traditional reduced-charge OC (T-TMA-Mt), obtained by di-
rect intercalation of TMA into Li-Mt, and heating the samples at
200 °C. However, N-TMA-Mt samples with low layer charge (i.e., 0.2
and 0.4 CEC), have a relatively large SSA, and enhanced adsorption
capacity since the incidence of layer collapse is restricted.
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